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(57) ABSTRACT 

Ahigh-speed external optical modulator formed on a lithium 
niobate substrate has a diffused optical Waveguide, a surface 
buffer layer, and electrodes for applying modulating RF 
energy. The electrodes are electroplated in at least tWo steps, 
resulting in a top co-planar Waveguide structure lying on a 
second one. LoW driving voltage is achieved through selec 
tion of the Width, position, and dimension of the loWer hot 
and ground electrodes. The upper ground electrodes and, 
preferably, also the upper hot electrode, are narroWer in 
Width than the corresponding loWer electrodes, Which helps 
to provide good velocity matching, good impedance values, 
and loW electrical losses. 
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ELECTRO-OPTIC MODULATOR HAVING HIGH 
BANDWIDTH AND LOW DRIVE VOLTAGE 

CLAIM OF PRIORITY 

[0001] This application claims the priority bene?t of Euro 
pean Application No. 011116431 ?led May 14, 2001 and 
US. Provisional Application No. 60/291,633 ?led May 18, 
2001. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates generally to devices 
for modulating optical signals in a telecommunications 
system. More particularly, the invention concerns electro 
optic modulators that are made of lithium niobate (LiNbO3) 
and that have an increased bandWidth and loWer drive 
voltage than conventional modulators. 

[0003] Modern telecommunications have increasingly 
adopted ?ber optics as the medium for transmitting signals. 
As With electrical telecommunication signals, optical tele 
communication signals can carry larger amounts of infor 
mation When subjected to intensity modulation. Because 
much of existing electronics technology uses electrical sig 
nals, it is desirable to encode information from an electrical 
signal onto an optical carrier signal used in a telecommu 
nication system. 

[0004] TWo approaches are commonly used to perform 
such electro-optic modulation: direct modulation and exter 
nal modulation. Direct modulation involves varying the 
optical signal by directly modulating the laser diode that 
originates the optical signal. External modulation involves 
varying the optical signal after it has left the laser diode 
through the use of an electro-optic modulator. Unlike direct 
modulation, external modulation can be provided With neg 
ligible chirp, Which refers to a change in carrier frequency 
over time. 

[0005] Electro-optic external modulators Work by causing 
the index of refraction of an optical Waveguide to change in 
response to an applied electromagnetic signal. As the optical 
Waveguide undergoes a variation in time of its refractive 
index, the optical signal passing through it is phase modu 
lated With the corresponding electromagnetic signal. For an 
external modulator to achieve such a performance, the 
optical Waveguide is formed in a material that has a strong 
electro-optic effect, i.e., Where its optical index of refraction 
is easily affected by an electromagnetic signal. Typically, 
that material is a crystal substrate such as lithium niobate 
(LiNbO3). The optical Waveguide is formed in the lithium 
niobate substrate by photolithography and diffusion of tita 
nium. The path of titanium Will have a higher index of 
refraction than the surrounding substrate and Will constrain 
an optical signal Within the path. 

[0006] The electromagnetic signal is imparted on the 
external modulator through electrodes formed on the surface 
of the lithium niobate substrate. The electrodes are usually 
made of gold or a similarly conductive material and are 
positioned in parallel to the optical path. A portion of the 
electromagnetic signal travels from a “hot” electrode to one 
or more ground electrodes by passing through the optical 
path Within the lithium niobate substrate, Which causes 
modulation of the optical signal Within the path. 

[0007] The positioning of electrodes With respect to opti 
cal path(s) Within the modulator differs depending on 
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Whether the lithium niobate is an x-cut or a Z-cut crystal. The 
Z-axis of the lithium niobate crystal has the highest electro 
optic coef?cient. Consequently, the electrodes and the opti 
cal path(s) are positioned in the modulator such that the 
electromagnetic ?eld passes through the optical path along 
the Z-axis. Generally, in an x-cut substrate, the optical 
path(s) are positioned betWeen the hot and ground elec 
trodes. In a Z-cut substrate, the optical path(s) are positioned 
directly under the electrodes. 

[0008] FIGS. 1A and 1B illustrate a cross-sectional vieW 
and a top vieW, respectively, of a conventional external 
modulator in the form of a Mach-Zehnder interferometer 
made from a substrate of x-cut lithium niobate. As shoWn in 
FIG. 1A, lithium-niobate substrate 102 forms the base of the 
modulator 100 and includes tWo optical paths 104a and 
104b. An RF signal applied betWeen hot conductor 106 and 
ground electrodes 108a and 108b Will cause some of the 
electromagnetic ?eld to pass through optical paths 104a and 
104b, modulating the optical signals passing through those 
paths. Optical paths 104a and 104b are positioned in this 
x-cut modulator so that the electromagnetic ?eld passes 
through them horiZontally, i.e., along the Z-axis. 

[0009] FIG. 1B shoWs the Mach-Zehnder format of the 
external modulator 100. The incoming optical signal travels 
along optical path 122 beginning at one end of the modulator 
and then splits at junction 124 betWeen paths 104a and 104b. 
Along paths 104a and 104b, the optical signal is phase 
modulated as it is subjected to the RF electromagnetic ?eld 
passing betWeen electrodes 106 and 108a and 106 and 108b. 
At junction 126, the optical signals traveling on paths 104a 
and 104b are combined, and they exit modulator 100 via 
path 128. X-cut modulators of this type have proven effec 
tive for digital modulation at 10 Gbits/sec. 

[0010] FIGS. 2A and 2B illustrate a cross-sectional vieW 
and a top vieW, respectively, of a conventional external 
modulator in the form of a Mach-Zehnder interferometer 
made from a substrate of Z-cut lithium niobate. The same 
elements and references from FIG. IA apply to FIG. 2A. As 
shoWn in FIG. 2A, optical paths 104a and 104b are posi 
tioned directly beneath hot electrode 106 and ground elec 
trode 108b. The optical paths are located in this Z-cut 
modulator so that the electromagnetic ?eld passes through 
them along substantially vertical lines, i.e., in parallel to the 
Z-axis. FIG. 2B shoWs a similar arrangement for the Mach 
Zehnder interferometer as in FIG. 1B except that the optical 
paths 104a and 104b are positioned under hot electrode 106 
and ground electrode 108b. 

[0011] The Z-cut crystal results in a more concentrated ?ux 
of the RF ?eld passing through the optical paths than in an 
x-cut crystal. HoWever, the improved performance of the 
Z-cut device are mitigated by intrinsic pyroelectric problems 
and by a chirp parameter of approximately —0.7, Which is 
due to the difference in overlap betWeen the tWo Z-cut optical 
Waveguides. See Wooten et al., “A RevieW of Lithium 
Niobate Modulators for Fiber-Optic Communications Sys 
tems,”IEEE Journal of Selected Topics in Quantum Elec 
tronics, vol. 6, no. 1, pp. 69-82 (January/February 2000). 

[0012] Several performance criteria determine the quality 
of an external optical modulator. For example, an effective 
modulator must have a broad modulation bandWidth. The 
standard layout of an optical modulator, hoWever, limits the 
modulation bandWidth because the electromagnetic signal 
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travels more slowly through the electrodes than the optical 
signal travels through the optical path. This velocity mis 
match introduces a phase error that is a function of the 
frequency of the electromagnetic signal and the length L of 
the interaction betWeen the electromagnetic signal and the 
optical signal Within the modulator. A common ?gure of 
merit for an optical modulator is the product of its —3 dBe 
modulation bandWidth, Which is denoted f3dB, and its inter 
action length L. This ?gure of merit should be as high as 
possible. 
[0013] To improve velocity matching betWeen the RF 
signal and the optical signal in the modulator, conventional 
devices include a buffer layer 120 on the surface of the 
lithium niobate substrate. Generally comprising SiO2 or 
BenZoCycloButene (BCB), buffer layer 120 loWers the 
dielectric constant of the material through Which the RF 
electromagnetic ?eld must pass, thereby increasing the 
velocity of the ?eld. 

[0014] Another performance concern for optical modula 
tors is the voltage level required for the electromagnetic 
signal. The sWitching voltage necessary for a given amount 
of modulation should be as loW as possible. The necessary 
voltage level is dictated in large measure by the gap G 
betWeen the hot and ground electrodes and the electrode 
length, a small gap G decreasing the required sWitching 
voltage. A quality of modulation ef?ciency is expressed 
through the half-Wave voltage V“. For a typical Mach 
Zehnder interferometer made from lithium niobate, the 
half-Wave voltage is given by the folloWing: 

AG (1) 
v,r = 

11%!‘33 FL 

[0015] Where )L is the free-space optical Wavelength, no is 
the effective refractive index of the optical signal (11052.14), 
r33 is the electro-optic coef?cient, L is the electro-optic 
interaction length, and F is the overlap integral indicative of 
the degree of overlap betWeen the electric and optical ?elds. 
See I. P. Kaminov, et al., Optical Fiber Telecommunications 
IIIB3, p. 396 (1997). Another common ?gure of merit for 
such an optical modulator is the product of the half-Wave 
voltage V“ and the interaction length L, Which should be as 
loW as possible. 

[0016] A third performance criteria for optical modulators 
is the impedance matching betWeen the output of the source 
of the modulation signal and the input of the modulator. 
Without impedance matching, poWer loss and unWanted 
electric signal re?ections can occur. An RF signal source 
Will typically have an output impedance of 50 ohms. To 
match that level, the optical modulator should be designed 
to increase its input impedance to a comparable value. 
Although ideally the input impedance should also be 50 
ohms, an input impedance for the modulator of higher than 
30 ohms should suf?ce to reduce electrical re?ections beloW 
about —10 dB. 

[0017] Increasing the input impedance of an optical modu 
lator requires a balance betWeen the siZe of the electrodes 
and the gap G With other performance issues. For example, 
Widening the gap G creates a higher impedance but, as 
discussed above, causes the modulator to require a higher 
sWitching voltage. 
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[0018] Patents and publications have proposed various 
modi?cations to the standard optical modulator in an attempt 
to increase modulation bandWidth, decrease sWitching volt 
age, and provide impedance matching, i.e., to increase the 
?gure of merit f3dB~L and to decrease the ?gure of merit 
Vat-L. US. Pat. No. 5,138,480, for example, discloses 
increasing the thickness '5 of buffer layer 120, increasing the 
height t of the electrodes, and reducing the Width Wh of the 
hot electrode and Wg of the ground electrodes such that the 
ratio of Wg to Wh is less than or about equal to 3. 

[0019] US. Pat. No. 5,748,358 discloses an optical modu 
lator that adds an electric ?eld adjusting region betWeen the 
buffer layer and the electrodes. FIG. 3, Which corresponds 
substantially to FIG. 11 of the ’358 patent, shoWs a cross 
section of such an x-cut modulator 300. According to the 
’358 patent, electric ?eld adjusting region 310 helps to 
increase the interaction betWeen the electric ?eld and the 
optical signal traveling through modulator 300 so that the 
driving voltage can be loWered. 

[0020] Applicants have found, hoWever, that the structure 
proposed in the ’358 patent suffers from manufacturing 
de?ciencies. In particular, the ’358 patent discloses that to 
have electrical-optical velocity matching, the Width Wh of 
hot electrode 106 should be smaller than the Width Wf of the 
optical path. According to the ’358 patent, When the hot 
electrode is designed to have a Width Wh of 10-20 pm, the 
effective refractive index for the electric ?eld becomes 
unacceptably larger than the refractive index for the optical 
signal. In the preferred embodiment of the ’358 patent, the 
Width Wh is set to 5 pm. 

[0021] Koshiba, “Finite-Element Modeling of Broad 
Band Traveling-Wave Optical Modulators,”IEEE Transac 
tions on Microwave Theory and Techniques, vol. 47, no. 9, 
pp. 1627-33 (September 1999) describes a full-Wave ?nite 
element modeling method With hybrid edge/nodal elements. 
When this ?nite element modeling is applied to the modu 
lator of the ’358 patent, it can be proved that for the 
modulator to have a Width Wh of 5 pm and for electrical 
optical velocity matching to occur, thickness t of the elec 
trodes must be at least 25 pm. The electrodes are commonly 
formed by an electroplating method. Therefore, to achieve a 
metal thickness of 25 pm, a photoresist thicker than 25 pm 
Would ?rst need to be applied on the substrate surface, and 
then portions of it corresponding to the electrodes Would 
need to be selectively exposed and removed. Due to the 
great difference betWeen the Width of the hot electrode Wh 
and the thickness t, the light exposure undercuts the photo 
resist and results in an opening With a trapeZoidal shape, as 
shoWn in FIG. 4. As a result, manufacture of the modulator 
proposed in the ’358 patent results in poor reproducibility 
(the groWth angle being variable, for example betWeen about 
4 and 5 degrees) of the electroplated electrode. Therefore, 
the impedance and the effective refractive index for the 
electromagnetic signal Will vary uncontrollably from chip to 
chip. Moreover, the large thickness of the metal drastically 
reduces the characteristic impedance of the modulator. 

[0022] To date, broadband modulators that have loW driv 
ing voltages have been experimentally achieved Without 
increasing the buffer layer or electrode thickness, but they 
require formation of recesses Within the lithium niobate 
substrate. For example, KaminoW et al., “Lithium Niobate 
Ridge Waveguide Modulator,” Applied Physics Letters, vol. 
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24, no. 12, pp. 622-24 (Jun. 15, 1974) generally describes a 
device that uses a narrow ridge etched into the lithium 
niobate. Unfortunately, the manufacturing process for these 
devices becomes very complicated, and the formation of 
recesses may damage the substrate. 

[0023] Similarly, Madabhushi et al., “Wide-Band, LoW 
Driving Voltage TizLiNbO3 Optical Modulators for 40 Gb/s 
Applications,” ECOC ’98, pp. 547-48 (Sep. 20-24, 1998) 
describes an optical modulator With a so-called step-buffer 
layer structure. In this article, the authors propose a modu 
lator structure that has an SiO2 buffer layer that is partially 
etched so that it has one thickness over one half of the 
Waveguide and another thickness over the other half. See 
also G. K. Gopalakrishnan, et al., “40 GHZ, LoW Half-Wave 
Voltage TizLiNbO3 Intensity Modulator,” Electronics Let 
ters, Vol. 28, pp. 826-27 (April 1992). 

[0024] Other proposals to modify conventional modulator 
structures to improve optical-electrical velocity matching, 
driving voltage, and impedance matching have faced con 
?icting outcomes. For eXample, an increase of the buffer 
layer thickness '5 has the positive effects of loWering the 
refractive indeX for the electromagnetic ?eld (Which is 
typically higher than the refractive indeX for the optical 
signal) and increasing the impedance as Well as the band 
Width, but it also results in an increase of the half-Wave 
voltage. If the electrode thickness t is increased, optical-to 
electrical velocity mismatch is desirably reduced, but char 
acteristic impedance is undesirably reduced as Well. Simi 
larly, an increase of the electrode gap G decreases the 
electric ?eld strength, Which increases the product V“~L, 
increases the impedance, and decreases electromagnetic 
attenuation. An increased gap G, hoWever, diminishes the 
positive effect of the thick buffer layer, increasing the 
refractive indeX for the electromagnetic ?eld. 

[0025] Applicants have observed that conventional optical 
modulators do not provide adequate adjustment of the 
refractive indeX or dielectric constant for the electromag 
netic signal and increase in the characteristic impedance 
While also permitting easy and consistent manufacturability. 
Applicants have further observed that the eXisting proposals 
for single-layer ground electrodes in an optical modulator do 
not provide suf?ciently high bandWidth and loW drive volt 
age for future applications. 

SUMMARY OF THE INVENTION 

[0026] Applicants have found that the draWbacks of con 
ventional optical modulators can be overcome With an 
optical modulator that incorporates more than one layer for 
the hot electrode and the ground electrodes. Applicants has 
in particular discovered that an optical modulator having an 
upper layer for ground electrodes that is narroWer in Width 
than a loWer layer can provide desirable electrical-optical 
velocity matching and desirable electrical impedance match 
mg. 

[0027] In a ?rst aspect, an optical modulator consistent 
With the principles of the present invention that imparts 
intensity modulation on an optical carrier signal in response 
to an electromagnetic drive signal includes a substrate of a 
material having an electro-optic effect, an optical path 
formed Within the substrate, and preferably a buffer layer 
formed on top of the substrate. The buffer layer is a material 
having a dielectric constant loWer than the substrate. 
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[0028] On top of the substrate or of the buffer layer, the 
optical modulator further includes a hot electrode and at 
least one ground electrode, Where both electrodes eXtend 
substantially parallel to at least a portion of the optical path. 
The hot electrode includes a loWer hot electrode positioned 
above the buffer layer and an upper hot electrode positioned 
on top of the loWer electrode, Where the upper hot electrode 
is preferably smaller in Width than the loWer hot electrode. 
The ground electrode includes a loWer ground electrode 
positioned above the buffer layer and separated from the 
loWer hot electrode by a gap G1, and an upper ground 
electrode positioned on top of the loWer ground electrode 
and separated from the upper hot electrode by a gap G2 
larger than G1. The upper ground electrode is smaller in 
Width than the loWer ground electrode. 

[0029] In a second aspect, a Mach-Zehnder interferometer 
consistent With the principles of the present invention can be 
formed on a substrate of lithium niobate and includes an 
optical path of diffused titanium Within the substrate, a hot 
electrode, and a ground electrode. The hot electrode is 
positioned on top of the substrate and is made of a ?rst layer 
overlapped by a second layer, Where the ?rst layer is larger 
in Width and smaller in height than the second layer. The 
ground electrode is also positioned on top of the substrate 
and is made of a ?rst layer overlapped by a second layer, 
Where the ?rst layer being larger in Width and smaller in 
height than the second layer. Both the hot electrode and the 
ground electrode eXtend substantially parallel to each other 
and to the optical path along an interaction length. 

[0030] In a thirds aspect, a method of making a Mach 
Zehnder interferometer and, in particular, an optical modu 
lator, consistent With the principles of the present invention, 
includes diffusing titanium into a substrate of lithium nio 
bate in a con?ned region to form an optical path through the 
substrate, preferably depositing a buffer layer on a top 
surface of the substrate of a material having a dielectric 
constant loWer than a dielectric constant of the substrate, 
electroplating a ?rst pattern of electrically conductive mate 
rial on the surface, and electroplating a second pattern of 
electrically conductive material on top of the ?rst pattern. 
The ?rst pattern includes a hot electrode and at least one 
ground electrode. The second pattern is narroWer than the 
?rst pattern over the hot electrode and the at least one ground 
electrode, respectively. Both electrodes are parallel to the 
optical path along an interaction length. 

[0031] It is to be understood that both the foregoing 
general description and the folloWing detailed description 
are eXemplary and explanatory only and are intended to 
provide further explanation of the invention as claimed. The 
folloWing description, as Well as the practice of the inven 
tion, set forth and suggest additional advantages and pur 
poses of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] The accompanying draWings, Which are incorpo 
rated in and constitute a part of this speci?cation, illustrate 
embodiments of the invention and, together With the 
description, serve to eXplain the advantages and principles 
of the invention. 

[0033] FIG. 1A is a cross-sectional vieW of a conventional 
electro-optic modulator formed on an X-cut lithium niobate 

substrate; 
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[0034] FIG. 1B is a plan vieW of the conventional electro 
optic modulator of FIG. 1A; 

[0035] FIG. 2A is a cross-sectional vieW of a conventional 
electro-optic modulator formed on a Z-cut lithium niobate 

substrate; 
[0036] FIG. 2B is a plan vieW of the conventional electro 
optic modulator of FIG. 2A; 

[0037] FIG. 3 is a cross-sectional vieW of an electro-optic 
modulator as disclosed in Us. Pat. No. 5,748,358; 

[0038] FIG. 4 is a cross-sectional vieW the electroplating 
process for forming electrodes for the electro-optic modu 
lator of FIG. 3; 

[0039] FIG. 5A is a cross-sectional vieW of a ?rst embodi 
ment of an electro-optic modulator consistent With the 
principles of the present invention; 

[0040] FIG. 5B is a plan vieW of the electro-optic modu 
lator of FIG. 5A; 

[0041] FIG. 6A is a cross-section vieW of a second 
embodiment of an electro-optic modulator consistent With 
the principles of the present invention; 

[0042] FIG. 6B is a plan vieW of the electro-optic modu 
lator of FIG. 6A; 

[0043] FIG. 7 is a graph shoWing simulated microWave 
refractive index v. Width of upper ground electrode for an 
electro-optic modulator consistent With the present inven 
tion; 
[0044] FIG. 8 is a graph shoWing simulated characteristic 
impedance v. Width of upper ground electrode for an electro 
optic modulator consistent With the present invention; 

[0045] FIG. 9 is a graph shoWing simulated microWave 
refractive index v. frequency for an electro-optic modulator 
consistent With the present invention; 

[0046] FIG. 10 is a graph shoWing simulated character 
istic impedance v. frequency for an electro-optic modulator 
consistent With the present invention; 

[0047] FIG. 11 is a graph shoWing simulated electrical 
return loss (S11) v. frequency for an electro-optic modulator 
consistent With the present invention; and 

[0048] FIG. 12 is a graph shoWing simulated electro-optic 
response (S21eo) v. frequency for an electro-optic modula 
tor consistent With the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0049] Reference Will noW be made to various embodi 
ments according to this invention, examples of Which are 
shoWn in the accompanying draWings and Will be obvious 
from the description of the invention. In the draWings, the 
same reference numbers represent the same or similar ele 
ments in the different draWings Whenever possible. 

[0050] In accordance With the present invention, an optical 
modulator for imparting intensity modulation on an optical 
carrier signal in response to an electromagnetic drive signal 
includes a substrate of a material having an electro-optic 
effect, an optical path formed Within the substrate, a buffer 
layer formed on top of the substrate, a hot electrode extend 
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ing parallel to at least a portion of the optical path, and a 
ground electrode also extending parallel to the at least a 
portion of the optical path. 

[0051] Generally referred to as 500 in FIG. 5A, the optical 
modulator consistent With the present invention has a sub 
strate 502 made of lithium niobate. A less preferred alter 
native material is lithium tantalate (LiTaO3). Alternative 
electro-optical materials may also be used. The embodiment 
depicted in FIG. 5A is an x-cut lithium niobate crystal. 
Within substrate 502 are optical paths 504a and 504b that 
are formed by diffusing titanium into the substrate. Titanium 
provides a higher refractive index compared With lithium 
niobate and therefore constrains light Waves that pass along 
the titanium paths 504a and 504b. The optical paths 504a 
and 504b are con?gured to have a Width of Wf and a 
reciprocal distance (measured betWeen the respective cen 
ters) of IG. 

[0052] On the top surface of substrate 502, a buffer layer 
520 of a material having a dielectric constant loWer than 
lithium niobate is deposited. Preferably, buffer layer 520 is 
SiO2, but BenZoCycloButene (BCB) may be used instead. 
As shoWn, buffer layer 520 has a thickness '5 and extends 
across the entire surface of the substrate. As is readily knoWn 
to one of ordinary skill in the art, buffer layer 520 helps to 
loWer the effective dielectric constant of the material 
through Which the electric ?eld must pass in modulating the 
optical signal in the modulator. Consequently, materials 
other than SiO2 and dimensions other than coverage of the 
entire substrate for the buffer layer may be employed to 
achieve the same results. Alternatively, buffer layer 520 may 
be omitted altogether, With the corresponding loss in per 
formance discussed beloW. 

[0053] In accordance With the present invention, the hot 
electrode and the ground electrode in modulator 500 com 
prise at least tWo layers. Although tWo layers are preferred 
in the disclosed embodiments, it is envisioned that addi 
tional layers could further be employed to achieve the 
principles of the present invention. In the embodiment of 
FIG. 5A, layers 506 and 510 de?ne the hot electrode. The 
embodiment of FIG. 5A contains tWo ground electrodes on 
either side of the hot electrode. The electrodes have a same 
length L. Layers 508a and 512a and layers 501% and 512b 
de?ne the respective ground electrodes. Alternatively, only 
one ground electrode may be used. In either instance, the 
electrodes are preferably made of gold or other similar 
material that is highly conductive to an electric signal. 

[0054] For each electrode, the ?rst or loWer layer is Wider 
than the second or upper layer. For example, the loWer layer 
510 for the hot electrode has a Width Whl that is greater than 
the Width Wh2 for its upper layer 506. LikeWise, loWer layers 
512a and 512b have a Width of Wg1 that is greater than the 
Width Wg2 for their respective upper layers. As an alterna 
tive, the ?rst or loWer layer of the hot electrode may have the 
same Width of the second or upper layer of the hot electrode. 

[0055] Moreover, the inner edge of the loWer layers (i.e. 
the edge facing the hot electrode) extends over the inner 
edge of the respective upper layers or is coplanar With it. 
Preferably, Wg1 is greater than 300 microns and Wg2 is loWer 
than 300 microns. More preferably, Wg2 is loWer than 40 
microns. For purposes of the present invention, a loWer 
co-planar Waveguide architecture With ground electrodes 
more than 300 microns Wide is referred to as an in?nite 
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ground electrode. Therefore, modulator 500 combines in? 
nite loWer ground electrodes With ?nite upper ground elec 
trodes. 

[0056] Also, for each electrode, the ?rst or loWer layer is 
thinner in height than the second or upper layer. Speci?cally, 
loWer layer 510 for the hot electrode has a height “d” that is 
less than the height “t” for its upper layer. Preferably but not 
restrictively, and as shoWn in the embodiment of FIG. 5A, 
loWer layer 510 for the hot electrode is substantially the 
same thickness as loWer layers 512a and 512b for the ground 
electrodes. Likewise, upper layer 506 for the hot electrode is 
substantially the same thickness as upper layers 508a and 
508b for the ground electrodes. 

[0057] The upper portion of the hot and ground electrodes 
and the loWer portion of the hot and ground electrodes are 
separated by predetermined distances on the surface of 
substrate 502. Namely, the edge of loWer layer 510 of the hot 
electrode is separated from the closest edge of loWer layer 
512b of one of the ground electrodes by a gap G1, as shoWn 
in FIG. 5A. The edge of upper layer 506 of the hot electrode 
is separated from the closest edge of upper layer 508b by a 
gap G2. 

[0058] FIG. 5B illustrates a plan vieW of the optical 
modulator of the present invention of FIG. 5A. According to 
FIG. 5A, the preferred optical modulator is a Mach-Zehnder 
con?guration in Which the optical path is split into tWo paths 
504a and 504b. FIG. 5B shoWs the respective layout of the 
electrodes on the surface of substrate 502. An interaction 
length is established along the center of modulator 500 
Where optical paths 504a and 504b are arranged in parallel 
With electrodes 508a, 508b, 512a, 512b, 506, and 510. 

[0059] As With other optical modulators in the art, modu 
lator 500 of the present invention operates by imparting 
information carried by an RF electromagnetic signal onto an 
optical carrier signal using the electro-optic characteristics 
of lithium niobate. The optical signal is transmitted through 
an optical path that is split in modulator 500 into paths 504a 
and/or 504b. The RF signal is introduced betWeen the hot 
electrode and the ground electrodes. A portion of the RF 
signal travels from the hot electrode to the ground electrode 
by passing through buffer layer 520, substrate 502, and 
optical paths 504a and/or 504b. 

[0060] Applicants have observed that an optical modulator 
With good microWave indeX values (i.e., good dielectric 
constant or refractive indeX values for the RF signal passing 
betWeen the hot and ground electrodes) and characteristic 
impedances can be achieved by con?guring the ground 
electrodes With upper layers 508a and 508b having a Width 
less than loWer layers 512a and 512b or, in particular, by 
providing in?nite loWer layers 512a and 512b and ?nite 
upper layers 508a and 508b. 

[0061] The various dimensions of the electrodes in FIG. 
5B may be altered to attain the desired performance from 
modulator 500. Desirable operative parameters for modula 
tor 500 are the folloWing: 

[0062] Vn§7V 
[0063] 30 9520550 Q 

[0064] imam GHZ 
[0065] Applicants have observed that the half-Wave volt 
age V“ is a function of the gap G1 and of the buffer layer 
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thickness "5. By opportunely choosing G1 and "c, a good 
trade-off betWeen voltage-length product and velocity 
matching may be obtained. The second gap G2 and the Width 
Wg2 can be arranged to accommodate loWer microWave loss 
and higher transmission line impedance. The electrode 
thicknesses t and d can be selected to correct any difference 
betWeen the microWave indeX and the optical indeX, to 
reduce the microWave attenuation, or to favor higher imped 
ance for the modulator. 

[0066] In the above described embodiment of an optical 
modulator according to the the present invention, preferred 
dimensional ranges are as folloWs: 

[0067] L: 10-40 mm 

[0068] t: 10-20 microns 

[0069] "c: 0.5-1.6 microns 

[0070] d: 0.5-6 microns 

[0071] G1: 5-20 microns 

[0072] G2: 5-25 microns 

[0073] Whlz 8-40 microns 

[0074] W112: 7-14 microns 

[0075] IG: 21-28 microns 

[0076] Wglz 300-500 microns 

[0077] 
[0078] FIG. 6A illustrates a second embodiment of an 
optical modulator consistent With the present invention. 
Optical modulator 600 of FIG. 6A is the same as modulator 
500 of FIG. 5A eXcept that loWer layers 512a and 512b of 
the ground electrodes do not eXtend to the edge of substrate 
502. In contrast With modulator 500, modulator 600 has both 
?nite loWer and upper ground electrodes. 

[0079] As shoWn in FIG. 6A, the outer edge of loWer 
ground electrode 512a (i.e. the edge directed toWards the 
edge of substrate 502) is co-planar With the outer edge of 
upper ground electrode 50861. The upper and loWer elec 
trodes may both be ?nite, hoWever, Without having their 
edges be co-planar as in FIG. 6A. Moreover, as in the 
embodiment of FIG. 5, the inner edge of loWer ground 
electrode 512a (i.e. the edge facing the hot electrode) 
eXtends over the inner edge of upper ground electrode 50861 
or is coplanar With it. The same applies to the other ground 
electrode. 

Wgzz 8-100 microns, preferably 8-40 microns 

[0080] Having a ?nite ground at the loWer ground elec 
trode enables modulator 600 to achieve the high impedance 
and velocity matching conditions more easily. Conse 
quently, the thickness t of the upper electrode may be 
reduced further. 

[0081] FIG. 6B shoWs a plan vieW of the second embodi 
ment. As shoWn in FIG. 6B, the loWer ground electrodes 
512a and 512b in modulator 600 are substantially smaller in 
Width than in modulator 500 of FIG. 5B and do not eXtend 
beyond the edge of upper ground electrodes 508a and 508b. 
Again, though, such co-planarity is not critical to the per 
formance of the present invention. 

[0082] Preferred dimensional ranges for the optical modu 
lator of the embodiment of FIG. 6 are the same as listed for 
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the embodiment of FIG. 5, but With Wgl: 10-300 microns. 
In an example said dimensions are as follows: 

[0083] L: 29 mm 

[0084] t: 19 microns 

[0085] "c: 1.2 microns 

[0086] d: 3 microns 

[0087] G1: 9 microns 

[0088] G2: 16 microns 

[0089] Whl: 12 microns 

[0090] W112: 16 microns 

[0091] IG: 25 microns 

[0092] Wgl: Wg2+5 microns 

[0093] 
[0094] Applicants have performed detailed model simu 
lations using a full-Wave ?nite element method With hybrid 
edge/nodal elements, as described in Koshiba, “Finite-Ele 
ment Modeling of Broad-Band Traveling-Wave Optical 
Modulators,”IEEE Transactions on Microwave Theory and 
Techniques, Vol.47, no. 9, pp.1627-33 (September 1999). 
FIGS. 7 and 8 depict some simulation results for modulator 
600 having the dimensions listed above. In particular, the 
horiZontal axes in FIGS. 7 and 8 denote the Width Wg2 of 
the upper ground electrode. The vertical axis in FIG. 7 
denotes the effective refractive index seen by the RF signal. 
The vertical axis in FIG. 8 represents the microWave imped 
ance at 40 GHZ. FIGS. 7 and 8 shoW that decreasing the 
Width of the upper ground electrode favorably decreases the 
microWave refractive index and increases the characteristic 
impedance for the modulator. 

[0095] FIGS. 9 and 10 shoW simulation results When the 
Width Wg2 of the upper ground electrode is selected to be 12 
microns. According to these ?gures, at a modulation fre 
quency of 40 GHZ, modulator 600 can attain a microWave 
refractive index of 2.14 and a characteristic impedance of 
about 33 ohms. Moreover, simulation con?rms that modu 
lator 600 can achieve a product of half-Wave voltage to 
interaction length of 11.8 V-cm. 

Wgz: 8-100 microns 

[0096] Another simulated modulator parameter to be mea 
sured is S11. S11 refers to the electrical return loss and 
indicates the re?ected poWer returning to the high-speed 
drive electronics. FIG. 11 shoWs the return loss as a function 
of frequency for a packaged device. As shoWn in FIG. 11, 
S11 is less than —10 dB from 40 MHZ to about 30 GHZ. 

[0097] S21eo (“eo” stands for “electro-optical”) is another 
simulated modulator parameter. It represents the electro 
optic response, i.e. the modulation ef?ciency, and refers to 
the ratio betWeen the output optical poWer and the input 
electrical poWer. FIG. 12 shoWs the electro-optic response 
as a function of frequency for the arrangement described 
above for parameter S11. According to that graph, the 
electro-optic 3 dB bandWidth is about 20 GHZ. This result 
corresponds substantially to the best results currently 
achieved With Z-cut modulators, With the further advantages 
that an x-cut structure free from pyroelectric and chirp 
problems can in this case be used and that very loW values 
of Vn~L are obtainable. Both S11 and S21eo Were measured 
in the manner described in G. K. Gopalakrishnan et al., 
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“Performance and Modeling of Broadband LiNbO3 Travel 
ing Wave Optical Intensity Modulators,”Journal of Light 
wave Technology, Vol. 12, No. 10 (October 1994). 

[0098] Modulators 500 and 600 have been described as 
x-cut crystals, but the present invention also could be 
practiced With a Z-cut crystal. Naturally, in a Z-cut substrate, 
the optical paths are situated directly underneath the elec 
trodes. Consequently, the electrodes may be formed in the 
Z-cut alternative to have narroWer loWer electrode Widths 

Wh1 and Wgl. 
[0099] In either the x-cut or Z-cut options, the present 
invention can be manufactured folloWing substantially the 
same process. The techniques, equipment, and materials for 
each of the manufacturing steps is Within the knoWledge of 
one of ordinary skill in the art. The method for making either 
Mach-Zehnder interferometer from a substrate of lithium 
niobate Would begin With the step of diffusing titanium into 
the substrate in a con?ned region to form an optical path 
through the substrate. Next, the buffer layer of SiO2 or 
similar material Would be deposited on top of the substrate. 
Then, a ?rst pattern of gold or similar material Would be 
electroplated on the buffer layer. The ?rst pattern includes 
the hot electrode and at least one ground electrode. Elec 
troplating is also a common technique in the ?eld and Would 
encompass several substeps such as the application of a 
mask and photoresist and exposure to light. In accordance 
With the present invention, a second electroplating step 
Would folloW the ?rst in Which a second pattern of gold or 
other electrically conductive material Would be applied on 
top of the ?rst pattern. This second pattern forms the upper 
electrodes and Would have the con?guration Where the upper 
hot electrode is narroWer in Width than the loWer hot 
electrode and the upper ground electrode is narroWer in 
Width than the loWer ground electrode. Additional electro 
plating steps may be performed if more than tWo layers are 
used for the electrodes. 

[0100] It Will be apparent to those skilled in the art that 
various modi?cations and variations can be made in the 
disclosed process and product Without departing from the 
scope or spirit of the invention. Other embodiments of the 
invention Will be apparent to those skilled in the art from 
consideration of the speci?cation and practice of the inven 
tion disclosed herein. It is intended that the speci?cation and 
examples be considered as exemplary only, With a true scope 
and spirit of the invention being indicated by the folloWing 
claims. 

What is claimed is: 
1. An optical modulator for imparting intensity modula 

tion on an optical carrier signal in response to an electro 
magnetic drive signal, comprising: 

a substrate of a material having an electro-optic effect; 

an optical path formed Within the substrate; 

a hot electrode extending parallel to at least a portion of 
the optical path; and 

a ground electrode extending parallel to the at least a 
portion of the optical path and including: 

a loWer ground electrode positioned above the substrate 
and separated from the hot electrode by a gap G1; 
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an upper ground electrode positioned on top of the 
lower ground electrode and separated from the hot 
electrode by a gap G2 larger than G1, the upper 
ground electrode being smaller in Width than the 
loWer ground electrode. 

2. The optical modulator of claim 1, further comprising a 
buffer layer of a material having a dielectric constant loWer 
than the substrate, formed between the substrate and the 
electrodes. 

3. The optical modulator of claim 1, Wherein the upper 
ground electrode has a height greater than the loWer ground 
electrode. 

4. The optical modulator of claim 1, Wherein the hot 
electrode comprises: 

a loWer hot electrode positioned above the substrate, and 

an upper hot electrode positioned on top of the loWer 
electrode, the upper hot electrode being smaller in 
Width than the loWer hot electrode; 

5. The optical modulator of claim 4, Wherein the upper hot 
electrode has a height greater than the loWer hot electrode. 

6. The optical modulator of claim 4, Wherein the height of 
the upper hot electrode and the upper ground electrode is 
betWeen about 10 microns and 20 microns. 

7. The optical modulator of claim 4, Wherein the height of 
the loWer ground electrode and the loWer hot electrode is 
betWeen about 0.5 microns and 6 microns. 

8. The optical modulator of claim 1, Wherein the material 
of the buffer layer is SiO2 having a thickness of betWeen 
about 0.5 microns and 1.6 microns. 

9. The optical modulator of claim 1, Wherein the Width of 
the loWer ground electrode is betWeen about 10 microns and 
500 microns. 

10. The optical modulator of claim 9, Wherein the Width 
of the loWer ground electrode is less than about 300 microns. 

11. The optical modulator of claim 9, Wherein the Width 
of the upper ground electrode is betWeen about 8 microns 
and 40 microns. 

12. The optical modulator of claim 4, Wherein the Width 
of the loWer hot electrode is betWeen about 8 microns and 40 
microns and the Width of the upper hot electrode is betWeen 
about 7 microns and 14 microns. 

13. The optical modulator of claim 1, Wherein the gap G1 
is betWeen about 5 microns and 20 microns, and the gap G2 
is betWeen about 5 microns and 25 microns. 

14. The optical modulator of claim 1, Wherein the sub 
strate comprises an X-cut LiNbO3 crystal. 

15. The optical modulator of claim 1, Wherein the sub 
strate comprises a Z-cut LiNbO3 crystal. 

16. The optical modulator of claim 1, Wherein a Mach 
Zehnder interferometer is formed Within the substrate. 

17. The optical modulator of claim 1, Wherein an inner 
edge of the loWer ground electrode facing the hot electrode 
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eXtends over a correspondent edge of the upper ground 
electrode or is coplanar With the correspondent edge of the 
upper ground electrode. 

18. AMach-Zehnder interferorneter formed on a substrate 
of lithium niobate, comprising: 

an optical path of diffused titaniurn Within the substrate; 

a hot electrode on top of the substrate; and 

a ground electrode on top of the substrate made of a ?rst 
layer overlapped by a second layer, the ?rst layer being 
larger in Width than the second layer, 

Wherein the hot electrode and the ground electrode eXtend 
substantially parallel to each other and to the optical 
path along an interaction length. 

19. The Mach-Zehnder interferorneter of claim 18, 
Wherein the hot electrode is made of a ?rst layer overlapped 
by a second layer, the ?rst layer of the hot electrode being 
larger in Width than the second layer of the hot electrode. 

20. The Mach-Zehnder interferorneter of claim 19, 
Wherein the second layer of the hot electrode and the second 
layer of the ground electrode have a height greater than the 
?rst layers of the hot electrode and the ?rst layer of the 
ground electrode, respectively. 

21. A method of making an optical rnodulator from a 
substrate of lithium niobate, cornprising: 

diffusing titaniurn into the substrate in a con?ned region 
to form an optical path through the substrate; 

electroplating a ?rst pattern of electrically conductive 
material above the substrate, the ?rst pattern including 
a hot electrode and at least one ground electrode, both 
electrodes being parallel to the optical path along an 
interaction length; and 

electroplating a second pattern of electrically conductive 
material on top of the ?rst pattern, the second pattern 
being narroWer than the ?rst pattern over the at least 
one ground electrode. 

22. The method of claim 21, Wherein the second pattern 
is narroWer than the ?rst pattern also over the hot electrode. 

23. The method of claim 21, Wherein after diffusing 
titanium and before electroplating a ?rst pattern of electri 
cally conductive material, it comprises depositing a buffer 
layer on a top surface of the substrate of a material having 
a dielectric constant loWer than a dielectric constant of the 
substrate. 

24. The method of claim 21, Wherein the second electro 
plating step applies the second pattern With a greater thick 
ness than the ?rst pattern. 

25. The method of claim 21, Wherein the ?rst electroplat 
ing step applies the ?rst pattern so that the at least one 
ground electrode eXtends to an outer edge of the substrate. 

* * * * * 


